ITER reached 50% completion of the work required to achieve First Plasma in November 2017. Progress has been made on ITER infrastructure since the 2016 FEC, most visibly the construction of many key buildings. The key parts of the tokamak assembly building and the tokamak bioshield have been completed. The tokamak building itself will be ready for equipment in 2020. The cryogenic plant and the magnet power supply buildings are complete, and these systems begin commissioning in 2019. The power conversion and distribution area is complete and the component cooling water system building has started construction. Manufacturing of the basic components of the ITER tokamak is also proceeding well. The base and lower cylinder of the cryostat have been assembled on the ITER site. The first modules of the central solenoid and of the six poloidal field coils have been wound. The first winding packs of the toroidal field magnets are complete, as are the first casings, which have been verified to meet the high tolerances required. The first vacuum vessel sector is near completion and demonstrated to meet strict tolerances. The Heating and Current Drive systems (NB, ECH and ICH) are in the final design phase. The sequence of complementary ITER operation from First Plasma (FP) to the achievement of the Q = 10 and Q = 5 project goals has been adapted to the Staged Approach to construction, a stepwise installation of all systems. The ITER Research Plan has been revised in 2017 to be consistent with the systems available in each phase. Physics studies focus on the Disruption Mitigation System, design of the ITER tungsten divertor, and modelling of ITER plasma scenarios. Modelling concentrates on the initial phases of the Research Plan and on the Q = 10 scenario, especially plasma termination.
INTRODUCTION
More than half of the work required to achieve First Plasma in ITER has been completed, as measured by an activity-based metric agreed when the 2016 Project Baseline was adopted. This evaluation includes the design, component fabrication, delivery and assembly, and finally commissioning of the systems needed to make the First Plasma. The project schedule prepares the facility and staff to achieve First Plasma in 2025. At the end of June 2018, 56.4% of the work required for First Plasma is complete.
Much of the work that has been completed is the construction of the buildings containing the tokamak and various supporting systems. A recent view of the worksite is shown in Fig. 1 . The heart of the ITER facility is the tokamak complex, a group of buildings required to meet strict nuclear licensing qualifications. These include the tokamak building itself, the diagnostics building and the tritium plant. Within the tokamak building, the bioshield structure that encloses the cryostat and tokamak has been completed this year to full height. The surrounding building will be available to begin the installation of equipment in 2020. In addition, the buildings housing the cryogenic plant, the magnet power supplies, secondary cooling water, and the steady-state electric distribution network are complete and installation of these systems is underway. Close to 90% of the components that comprise the ITER facility, including the buildings, are supplied through in-kind procurement arrangements between the ITER Organization (IO) and the ITER Members' Domestic Agencies (DAs).
The progress in the design and fabrication of various tokamak systems and plant systems will be discussed in Sections 2 and 3, respectively. An overview of the ITER Research Plan revised to match the Staged Approach construction strategy will be presented in Section 4, along with highlights of important on-going physics studies.
Fig. 1. Recent view of the ITER work site
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TOKAMAK SYSTEMS

Vacuum Vessel
Fabrication of the Vacuum Vessel (VV) sub-components is progressing well. In-kind procurements are preparing the nine sectors of the VV itself, port extensions to the VV, ports, in-wall shielding, and gravity supports). The IO is procuring in-service inspection tools, lower penetrations and port shielding, sealing flanges and instrumentation.
The work on VV fabrication is coordinated by a VV Project Team, which simplifies the organization in order to improve efficiency, accelerate decision-making and manufacturing, and increase assurance of quality. This is critical, as the fabrication of the VV is shared across four Member states. Factory and site acceptance tests, which include pressure tests, leak tests, and dimensional control tests, validate that the technical specifications are being respected in the manufacturing. As-built dimensions of all components are analysed to plan the best fitting of the Vacuum Vessel sector components and the torus assembly to ensure proper function for various client systems such as in-vessel components, diagnostics, heating systems, fuelling, and the cooling water system. Because the VV itself is a primary safety system for containment, rigorous surveillance is applied throughout the fabrication process.
The VV fabrication has recently achieved several important milestones, such as completion of the first subsegment assembly of VV sector #05 (March 2017), completion of the fabrication of inboard segment of sector #06, and the first upper port stub extension (Fig. 2 , right) (both December 2017). The upper port stub was delivered for integration in sector #06.
As of July 2018, more than 82% of the fabrication of the first sector (#06) scheduled for delivery to the ITER site has been achieved and the remaining work is on schedule for completion in accord with the present construction strategy, with delivery in mid-2019. IWS installation is already started in the equatorial segment of this sector (Fig. 2, left) . The outer-shell fit-up sequence is ready for closure of this segment. Manufacturing activities continue on first sector to be delivered from the second supplier (#05) including cutting, forming, machining and welding activities. All materials for this sector have been delivered to factories and progress of manufacturing is more than 50% of completion. Finally, progress on the manufacturing of the upper ports is at 47% of work complete.
Magnets
The ITER magnet system is made up of 18 toroidal field (TF) coils, six central solenoid (CS) coils, and six poloidal field (PF) coils. The fabrication of conductor and the coils themselves is distributed in six of the ITER Members. The TF and CS coils are wound from niobium-tin, while the PF coils are niobium-titanium. The production of all required conductor for the different coils of the magnet system is 97% complete. Only 9 lengths for the PF3 coil remain to be produced. The tests of both the CS insert and TF insert coils have been completed.
Fig. 2: Examples of VV sector (left) and upper port structure (right) in fabrication.
Manufacturing of the TF structures [1] and coils is well under way (Fig. 3) . Three full sets have already been delivered to the coil suppliers and another three are near completion. Four winding packs have been completed to date, and three more are well advanced and nearing final testing. Operations to insert the winding packs into the casing structures have begun in two of the three TF coil suppliers.
The first module of the Central Solenoid is expected to be resin impregnated in summer 2018 (Fig. 4, left) . The next four modules are at various stages of fabrication, from conductor winding to installation of electrical insulation following the heat treatment necessary to form the Nb 3 Sn conductor. The manufacturing procedures have been qualified, and preparation of the assembly of the coils with the pre-compression structure is underway [2] . The first double pancake of PF5 coil was impregnated in May 2018. Six double pancakes of PF6 coil have now been resin impregnated (Fig. 4, right) . Four double pancakes of PF1 coil have been resin impregnated.
Meanwhile, production of the magnet feeders is progressing, with the first feeders and components already delivered and tested onsite. These are being prepared for installation. The first deliveries of magnet supports are expected later this year. The design of these supports was very challenging, due to the static and dynamic forces they must accommodate.
Cryostat
In December 2015, the first Cryostat pieces were shipped by INDA to France from the Indian factory of Larsen & Toubro, ITER India's main supplier for the Cryostat. All 12 segments of the cryostat base section Tier-1 were successfully delivered to the ITER site into an almost empty Cryostat Workshop Building. About six months later, the sectors of the Cryostat Base Section Tier-2 together with the pieces of the Cryostat Base Section fabrication and transportation frame were shipped to the ITER Site, and initial assembly work could begin.
In February 2017, the first sectors of the Cryostat Lower Cylinder were delivered together with a second assembly frame needed for the Lower Cylinder assembly activities. In August 2017, the first segments of the Cryostat Lower Cylinder Tier-1 were successfully placed onto its fabrication frame, and welding of those segments began. At the same time, in the other part of the Cryostat Workshop, the welding of the Cryostat Base Section Tier-1 was completed and assembly of the Base Section Tier-2 sectors was initiated. 
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In February 2018, the welding of the Tier-2 segments of the Cryostat Lower Cylinder was started (Fig. 5, left) . As of mid-2018, the Lower Cylinder welding has been completed, and non-destructive examination of welds is ongoing. The Cryostat Base Section Tier-2 segment welding is also completed. Trial fitting of the circular wall segments joining Tier-1 and Tier-2 of the Cryostat Base Section is ongoing (Fig. 5, right) .
In the coming months, the first pieces of the Cryostat Upper Cylinder will be shipped from India and delivered to the ITER Site. With manufacturing of the Cryostat Lower Cylinder completed, the component will be moved outside the workshop into a dedicated long term preservation storage system. This will make space available in the Cryostat Workshop for the assembly of the Cryostat Upper Cylinder to start. In parallel, the fabrication of the Cryostat Base Section will be completed.
Heating and Current Drive Systems
The heating and current drive systems in ITER consist of the heating neutral beams (HNB), ion cyclotron resonance heating (ICRH) and electron cyclotron heating (ECH). These systems must combine to provide 73 MW of heating power for up to one hour. The full heating power will be available for the second pre-fusion power operating phase and subsequent fusion power operating phases. In addition to heating the plasma, the HNB and ECH systems also have critical roles for driving plasma current non-inductively.
Two neutral beam injectors will deliver a total of 33 MW of heating power to the ITER plasma and provision in the tokamak building for a third injector has been made to allow a potential upgrade to 50 MW, if needed. The first two injectors are scheduled for commissioning in the second pre-fusion power operation phase. A 100kV diagnostic neutral beam will also be installed on ITER to probe the helium ash content in the plasma.
Research and development activities for the HNB will be carried out at a Neutral Beam Test Facility (PRIMA), where test beds of the ion source (SPIDER) and the full-scale injector (MITICA) will provide proof-of-concept testing for components designed for ITER [3] . The SPIDER test bed has begun routine operation of the beam source with the objective to demonstrate the ITER requirements. For MITICA, testing of the power supply components is underway [4] and the procurements of all the components including the beam source have been launched, in order to start the full beamline operation in 2023. Technological solutions for the ITER beam source are being tested in advance of PRIMA on the half-size negative ion source ELISE. The ELISE test bed recently demonstrated 85% of the ITER requirements of the negative ion densities at the ITER specifications in hydrogen for short pulses (10s). In Deuterium operation, the source has demonstrated approximately 66% of the ITER requirements in long pulses and 85% in short pulses. The ELISE tests continue to provide vital operational and technological inputs to the HNB scientific program.
The ECH system is specified to deliver 20 MW of plasma heating. It also may be needed for plasma initiation and local instability control. For First Plasma, 8 MW is foreseen to be operational for breakdown assistance, followed by the full 20 MW available for the first pre-fusion power operation phase. Development of the ECH system is in the final design phase, and series production in two Member states for the gyrotron sources commenced in 2017 after a multi-decade development program. The factory acceptance test (FAT) has been completed for the first two production unit gyrotrons at one supplier, demonstrating reliable operation at 1 MW for 1000 s. Two units from the second supplier are being tested in anticipation of the first FAT in Oct. 2018, while series production is underway for six more [5] . The first unit of power supplies have successfully demonstrated the ITER requirements. The EC upper launcher, waveguides and control system components are currently being tested.
Synthetic diamond disks will be used to transmit the EC power into the torus. Industrial production of these disks will begin in 2019 after the successful demonstration of performance of two prototypes in ITER-relevant pressure cycles and a successful final design review in 2017. The waveguide diameter has been reduced based on the results of a mode purity analysis study last year, and proof-of-concept waveguide component prototypes are under development and will be tested at high power long pulse test facilities.
The ICRH system is specified to provide 20 MW of plasma heating power. The system is planned to be operational in the second pre-fusion power operational phase. The current focus is to finalize the design of the antenna and the transmission line components. Prototypes of the radio-frequency sources are now available; the first prototype source has been successfully tested, and testing on a second is underway. Series production should begin in 2019; in parallel, testing of a prototype high-voltage power supply that is compatible with either source prototype is on-going. The development of the transmission line components needed for the source commissioning is also underway.
Diagnostics
Diagnostics will play a key role in the operation of ITER. More than in any previous magnetic confinement experiment, they are critical to realise the performance. They will not only record the plasma behaviour, but also be incorporated into feedback control for investment protection and performance optimization. They must also operate in an unprecedented radiation environment for both long plasma duration and long lifetime. This also challenges the design due to the requirements on shielding, leading to limited access to the plasma from outside the bioshield, and requirements on reliability due to the fluence and need for remote handling. Therefore, an extensive research and development program has been on-going for many years [6] . Many of these diagnostics will be needed for the First Plasma phase. The First Plasma in-vessel systems are all in either advanced design now or in manufacturing. These include special magnetic sensors that are used for plasma position and plasma current measurements.
As stated above, an important aspect of ITER is that it is a nuclear facility. This means that the diagnostic systems have to be at an industrial level of implementation. Fortunately, robust systems have been developed over the years to handle the expected environment that will be found in the ITER tokamak. These include cables that can withstand repetitive cycling from hot gas, low noise contribution when bombarded by neutrons, and required cooling to control their temperature. Reliability for certain measurements is handled by having more than one type of detector and by having detectors at several equivalent positions. This is the case for the magnetic coils, which range from classic inductive sensors that are integrated over time to ones that rely on the Hall effect and hence give a steady state measurement. The former can be impacted by drift over long time intervals while the latter is not. This would be a first ever implementation of the latter for use in tokamak magnetic equilibrium reconstruction.
Other in-vessel systems include several types of neutron detectors, bolometers, a neutron activation system, microwave waveguides and antennas, as well as corner cube reflectors. These have to withstand varying nuclear and heat loads. A common approach for attaching all these components has been developed. The need to cool all the diagnostic components in the vacuum vessel has resulted in over 80,000 attachments. Rapid attachment techniques have been developed and tested to speed up the installation.
Many diagnostics reside in port plugs. These are large containers (dimensions of 2 m x 2 m x 3 m and weight of 45 t) that allow systems that make measurements to be interfaced with the plasma. The integration of these components is ongoing and a common approach for standardization is being deployed here. All of the diagnostic port structures are in manufacturing with the material qualification phase almost completed (Fig. 6 ). This includes ten equatorial port plug structures and 15 upper port plug structures. Port plug structures that fit the lower ports are also being developed. Currently, the diagnostics team is closely working with the construction teams to prepare for the future installation of the different systems. Many of the systems in the ports contain mirrors and the first mirrors in the chain must by design have a direct line of sight to the plasma [7] . This can potentially lead to degradation of the mirror performance over its design lifetime. As a result, techniques must be developed to recover the quality of the surface so that it can stay installed and working for the ITER lifetime. Two techniques have been developed so far to address this and the appropriate one will be deployed depending on the exact situation. Simplifying how these surface recovery systems will be deployed is also a critical aspect of the design.
PLANT SYSTEMS
Vacuum
The ITER vacuum system serves a number of large volume systems including the cryostat (~ 8500 m 3 ), the vacuum vessel (~1330 m 3 ), the neutral beam injectors (~180 m 3 each), plus a number of lower volume systems including the service vacuum system, diagnostics, and heating systems. Most of these systems are essential for First Plasma and will form part of the fuel cycle. Hence they will play a key role in the confinement and processing of tritium. To achieve the final design of these vacuum systems, a significant research, development, and validation program has been implemented, as the systems involve many new technologies, new processes in their manufacture, or are "first of a kind" in their scale. Several examples of the results of this program follow.
A new type of vacuum pump known as the Cryogenic Viscous flow Compressor (CVC) was developed, and six such pumps form the heart of the roughing system. The CVC cryogenically condenses hydrogen isotope mixtures and functions in combination with a Roots mechanical pumping set that compresses helium ash originating from the fusion process.
A highly efficient dust filtering system has been developed to control particulate content in the tokamak exhaust stream. It uses sintered stainless steel cloth that functions effectively in atmospheric and vacuum conditions. For contamination control and remote handling compatibility, a doubly sealed range of standardized vacuum flanges has been designed. New methods and technologies for vacuum leak localization are being explored, including the development of a robotic worm which can localize leaks in small bore cryogenic pipes.
To meet the pumping requirements for ITER, a novel design for the cryogenic pumps is necessary. The final design and complete manufacturing process for the torus and cryostat cryopumps has been successfully validated, and tests of the pre-production cryopump (PPC) have been successful. The neutral beam cryopumps are in the final design phase. Development of new manufacturing processes was required to ensure these pumps could be fabricated.
Much of the vacuum system has now moved into manufacturing, namely, the front-end cryogenic distribution, the vacuum piping network (10 km of piping), and the cryopump for the MITICA facility in the NBTF.
Cryogenics
The cryoplant has at its heart two large nitrogen refrigerators and three large helium refrigerators, which provide cryogenic cooling power at very low temperatures. The principal clients of the cryogenic system are the superconducting magnets and the cryopumps, which operate at ~4 K, the magnet current leads, which operate at 50 K, and the thermal shields, which operate at 80 K. Helium at 80 K and 300 K are also used in the regeneration of the cryopumps. A complex system of lines and distribution boxes connects the various clients to the cryoplant.
A large amount of equipment has already been delivered at ITER site and is being installed. The three large power helium refrigerators, the nitrogen refrigerators, 80 K plants, storage tanks, the recovery and purification systems, the quench tanks, and an air separation plant are currently being installed at the ITER site (Fig. 7) .
Fig. 7: View of installed components in the cryogenics plant.
It is expected that the full cryoplant system installation will be complete by end of 2019, which will allow starting the operational acceptance tests in 2020.
Cooling Water
Four main systems comprise the ITER cooling water system: the tokamak cooling water system (TCWS), the component cooling water system (CCWS), chilled water system (CHWS) and the heat rejection system (HRS). The TCWS provides heat removal for the vacuum vessel (through a primary heat transfer system), the in-vessel components, and the HNB. The TCWS also includes supporting systems such as the draining and refilling system, the drying system, and the chemical and volume control system. Heat is transferred to the CCWS, which is an intermediate closed loop that transfers heat to the HRS for final dispersal to the atmosphere. CCWS also provides cooling for some other nuclear clients (e.g., tritium plant components). The non-nuclear clients (e.g., power supply, busbars, cryoplant, chillers) are cooled by separate loops of the CCWS. The specifications for each loop are based on pressure, temperature and water chemistry demanded by the clients. The energy is then transferred to the HRS. Two CHWS provide cooling for Protection Important Components and other clients via direct air heat transfer.
The final design of the TCWS elements required for First Plasma systems and early installation (captive piping not functionally required at First Plasma, but installed due to installation constraints) was approved in March 2018. Approval for the final design for the remaining subsystems is expected in 2020. Procurement of TCWS has been started and some components (five drain tanks) have been already installed because they are captive due to building construction constraints. Delivery of other components will start in 2021.
The HRS and CCWS, together with the CHWS, are in an advanced stage of manufacturing and testing after the relevant final design reviews were executed from 2014-2016. Several thousand pipe spools and supports for captive installation phase have been already delivered as well as several thousand valves. Cooling tower components, electrical components, plate heat exchangers, instruments, chillers, and chemical systems have also been delivered. Factory acceptance tests of 13 vertical turbine pumps for HRS and 34 horizontal pumps for the CCWS and CHWS circuits are on-going. Commissioning of the HRS, CCWS and CHWS systems needed for the early stage operation for the cryoplant is expected to start in 2019.
Steady-state Electrical Distribution and Magnet Power Supplies
The 400 kV switchyard and the four main step-down transformers for the Steady State Electrical Network (SSEN) have been installed. Their site acceptance tests and formal handover to the IO are planned before the end of 2018. Following this technical verification, the 22kV indoor switchgear will be commissioned and energized. The first group of clients from the ITER plant systems will be connected before end of the year 2018 to the SSEN distribution system, and the system will provide temporary site power to the construction site and primary power to the rest of the ITER site beyond the work site. In parallel, the pulsed power electrical network outdoor substation (66 kV) is under construction and will be commissioned in 2019.
Twenty-three converter transformers for the coil power supplies have been delivered, and eight have been already assembled. Fifty percent of the thyristor rectifiers have been fabricated and are ready for shipment. Seventy percent of the components for the reactive power compensation system have been fabricated, and 20% of the components have been delivered so far. Almost all ac/dc converter components will be fabricated and delivered before the end of 2019. Twenty percent of the main busbars and 50% of special cables for connections to the magnets have been delivered. Most of the special switches and resistors for the switching networks and part of those for the fast discharge units have been fully qualified, and mass production has started.
ITER RESEARCH PLAN
Alignment of the ITER Research Plan with the Staged Approach to Construction
Following the adoption of the Staged Approach (Fig. 8) , the ITER Research Plan [8] has been revised with support of experts from the ITER Members fusion communities and Domestic Agencies. The purpose of the Research Plan is to define the development path of ITER operational scenarios from First Plasma to the achievement of the ITER fusion power production goals, following a timeline consistent with the phased installation of the ancillary systems in the Staged Approach to construction. The main physics objectives for ITER are the production of 500 MW fusion power with Q = 10 for >300 s and in-principle steady-state operation for ~ 3000 s with Q = 5. In addition, the development of long-pulse scenarios (~1000 s) for the purpose of testing components with high fluence per pulse is envisioned.
The revised ITER Research Plan (IRP) covers two main phases following the achievement of First Plasma: a phase of pre-fusion power operation (PFPO) (two campaigns), then a fusion power operation (FPO) phase (three campaigns are planned to reach the two main physics objectives, potentially followed by campaigns for physics or fusion technology studies). The working gases allowed in the PFPO phase are hydrogen and helium in order to minimize activation of any components. Proceeding to the second phase requires the receipt of an operating license from the French regulatory authority to introduce tritium into the tokamak. The main objectives of each of the PFPO campaigns and the first FPO campaigns will be briefly described here.
At the end of the Engineering Commissioning phase following the First Plasma, the magnets will be qualified to full performance rating. During this time, the relative location of the vacuum vessel to the surfaces of constant |B| will be mapped, in order to align the plasma-facing components including the divertor as well as possible to the magnetic field. The magnetic diagnostics will also have been calibrated to ensure proper function and accurate locations are assigned, prior to the installation of the blanket modules and divertor during the Assembly Phase II. Most of the basic plasma diagnostics will be completed during this phase, as will the full 20 MW ECH system.
In PFPO-I, the highest priority is to establish routine x-point operation up to 7.5 MA, 2.65 T in hydrogen, with an option to operate in helium. To achieve this goal, several key control and protection systems must be commissioned. These include the basic shape control for limited and diverted plasmas, the first-wall thermal protection protocols, and the disruption mitigation system, along with the requisite diagnostics. The EC system should be commissioned to at least 100 s operation at full power during this phase. The basic operation is envisioned to be in L mode; however, it would be advantageous to achieve H mode during the first operating phase. At 2.65 T, the 20 MW of available auxiliary heating power would be marginal for entering H mode according to the present scaling for the power necessary to enter H mode, even in helium. Two alternate approaches for increasing the likelihood of achieving H mode during this campaign are under considerationoperation at 1.8 T and addition of 10 MW heating power.
The second PFPO campaign will commission plasma control and protection up to 15 MA, 5.3 T. This includes again the basic shape control, first-wall protection, and disruption mitigation. All additional control and protection required for the FPO campaigns should be commissioned as far as possible in this campaign. This includes the steady-state divertor heat control and ELM mitigation. With the full 73 MW of heating power available, the heat load to the divertor may require mitigation at high current, depending on the width of the heat deposition profile. H-mode operation is envisioned at 7.5 MA, 2.65 T in order to qualify the ELM mitigation systems. Operation in H mode at higher magnetic field and current is considered inadvisable in the absence of the self-heating from fusion. The HNB and ICRH system will need to be commissioned to full power for at least 100 s during this campaign.
The first FPO campaign will see the introduction of deuterium, then tritium as the working gas. The first steps to approach the Q = 10 pulsed performance and Q = 5 steady-state performance will be made here, starting by reproducing the 7.5 MA, 2.65 T scenario developed in hydrogen. The present plan envisions a step-wise increase in magnetic field, then current, following on the line where q 95 (the safety factor at the 95% poloidal flux surface) stays near 3. The goal for the first campaign is to achieve 500 MW operation at least in short pulses (<50 s). Time permitting, the first steps toward advanced scenarios at reduced current, including those relevant to the Q = 5 steady-state goal will be taken. The second campaign envisions optimization of the scenario for reaching Q = 10 and extension of the pulse length to >300 s. Realization of advanced scenarios to similar pulse length is envisioned. Finally, the third campaign is focused on optimizing the long-pulse scenarios for both the Q = 5 steady-state objective and for potential technology testing in subsequent campaigns. In the FPO phase, the experimental plan envisions two-year cycles with 16 months of experiments and 8 months of maintenance, as called for in the ITER Project Specifications.
Scenario Development and Modeling
The revision of the IRP has motivated a re-analysis of ITER plasma scenarios in each phase to identify any open issues that could be resolved by physics research with support of ITER Members' fusion communities. Breakdown for First Plasma has been analyzed in detail [9, 10] , and the configuration of the ECRH system for this phase has been finalized. For PFPO-I, H-mode operation at 5MA/1.8T in hydrogen and helium plasmas has been analyzed including the operational flexibility to control separatrix TF ripple H-mode operational space in terms of plasma density, core plasma transport with low electron-ion equipartition (T e /T i > 2.5 in these plasmas), specific issues related to 3 rd harmonic ECRH heating at 1.8T [11] and exploration of ELM control by the use of the ELM control coils with a reduced set of power supplies [12, 13] . At 1.8 T, the ripple is higher than at 5.3 T because the ferritic inserts in the VV overcompensate the effects of the finite number of TF coils. For PFPO-II, the operational space of hydrogen H-mode plasmas at 7.5MA/2.65T has been re-analyzed taking into account pulse duration restrictions due to NBI shinethrough loads on the first wall and the addition of 10% helium in these plasmas. Introduction of low fraction of helium in hydrogen plasmas has been found to reduce significantly the H-mode power threshold at JET [14] . These mixed hydrogen-helium plasmas may allow sustained H-mode operation in pulses lasting several 10's of seconds, which are sufficient to study H-mode physics in ITER and to develop ELM control schemes. The analysis of the scenarios for the IRP has made use of improved integrated modelling capabilities for ITER plasmas [15] and the Integrated Modelling and Analysis Suite, under which the results of the ITER scenario simulations have been made available to the DAs and collaborators [16] .
Disruption Mitigation
Of key importance for the successful execution of the IRP is the disruption mitigation system (DMS), which is essential to ensure the reliable operation from the first experimental campaign onwards. The DMS baseline concept and design is based on present knowledge on disruption mitigation, which remains a subject for intense research, especially regarding the generation of runaway electrons and the means of mitigating their potential deleterious effects [17] . A Task Force has been established to carry out the required design and engineering studies in preparation for the installation of the baseline DMS concept (Shattered Pellet Injection or SPI [18] ), focusing especially on the industrialisation of the technology and addressing urgent open questions with respect to the mitigation strategy [19] . The latter will have a strong focus, in the short term, on tokamak experiments to determine the efficacy of multiple pellet injection and optimum shard size distribution. The IO is presently considering extending the space allocation for the DMS to allow the injection of 32 pellets from three equatorial port plugs (mainly for runaway avoidance and suppression), while utilizing three upper port plugs for mitigation of the thermal and current quenches. A preliminary layout of eight injectors inside an equatorial port plug is shown in Fig. 9 . Confirmation of the feasibility of massive multiple injections in present day devices is therefore most critical. Additionally, several experimental and modeling activities are foreseen to assess the effectiveness of the SPI scheme itself. In parallel to these activities that concentrate on the baseline concept, research and development of alternative concepts must start now to demonstrate their applicability for ITER and to be at sufficient maturity to be considered for a possible upgrade of the DMS should this be required. This includes advances in the injection technology itself to improve the material deposition in the plasma but also exploration of new mitigation strategies.
Development of the Plasma Control System
In parallel with the revision of the IRP and the work of the DMS Task Force, design and supporting physics research for the ITER Plasma Control System (PCS) is underway. Design of PCS for First Plasma has been significantly advanced, with a final design review expected in the middle of 2020. This will allow the PCS to be implemented and begin commissioning with plant systems starting in 2021. Control algorithms and scenarios for First Plasma operation [9] are being assessed, including commissioning of PF and CS magnetic control, gas injection for prefill and density control, initial ECH control for plasma breakdown and burnthrough, and initial evolution of the plasma equilibrium. The PCS architecture is being designed with the full flexibility required for complex high performance plasma operation, while only the controllers that are needed for First Plasma and the required commissioning procedures are presently being developed and thoroughly assessed with the PCS Simulation Platform [20] . The final design includes the detailed requirements and design of the pulse schedule that contains all configuration information needed by the PCS and operational plant systems for executing a commissioning or a plasma pulse, including all pulse phases and transitions and exception handling for faults and pulse termination. Systems for pulse schedule validation and verification against the actual plant state before each pulse are also included in the PCS final design. A systems engineering approach is taken for the PCS final design that manages all PCS requirements in a database to track the development of the PCS and assess compliance against requirements for each operational phase [21] .
Design and optimization of the divertor
Studies for the further optimization of the ITER divertor tungsten monoblock front surface, beyond the 2016 initial design, include a toroidal bevel on monoblocks in the high heat flux areas of the vertical targets in order to ensure adequate magnetic shadowing of poloidal gap edges [22] . Simulations [23] and experiments carried out under the International Tokamak Physics Activity research programme [24, 25] have shown that toroidal gap edges can be heated significantly by the plasma (particularly during ELM transients) in ITER. Ion orbit calculations have concluded that this toroidal edge heating can be avoided at the outer target by the addition of a second poloidal bevel to the monoblock surface [26] , but this would be at the cost of unacceptable penalties in stationary power flux handling due to the increased field line incidence angles on the inclined surfaces. A similar solution could not be implemented at the inner target due to the local field orientation. Further research and development is now being planned to assess the consequences of repeated, highly-localized melting, which might occur on these gap edges even with strongly mitigated ELMs in ITER 
operation.
The required shaping of the ITER divertor in order to avoid localized stationary loads due to the expected cassette-to-cassette installation tolerances increases stationary heat loads by ~50% when compared to a perfect, cylindrically-symmetric divertor surface [27] . This, together with uncertainties regarding the expected scrapeoff layer transport in ITER, and the corresponding divertor power fluxes, has led to a more precise evaluation of the peak power fluxes that are tolerable for the divertor target. The tolerable flux was previously set to be ~10 MWm -2 . The new studies considered in detail the processes leading to this power flux limit, namely the resulting surface temperature and the associated tungsten recrystallization. The new results lead to a relation between the maximum tolerable power flux and the corresponding exposure time, with power fluxes in excess of 10 MWm -2 being tolerable for specified exposure times. Recrystallization is a temperature and time-dependent phenomenon that strongly modifies tungsten mechanical properties, in particular the strength and hardness. It also affects the material thermal shock resistance, favouring the appearance of deep macro-cracks when a significant fraction of the material has recrystallized to a sufficient depth. As guidance for the ITER evaluation, a recrystallization fraction of 50% and a 2 mm depth for macro-crack formation has been adopted consistent with results from recent finite element thermo-mechanical simulations [28] , using existing data for recrystallization kinetics. The results of this evaluation [29] are shown in Fig. 10 , and indicate that for the foreseen plasma burn time during the first three FPO campaigns in the IRP [8] , maximum power fluxes of up to 15 MWm -2 are acceptable from the tungsten recrystallization kinetics point of view. The IRP foresees the high Q objectives to be achieved in the first three FPO campaigns; this amounts to a total of 1245 operational days and a plasma time in the range of 2000-3000 hours depending on assumptions of operational time dedicated to recovery from disruptions/disruption mitigation. This evaluation will be refined as more data is obtained for the recrystallization kinetics of the tungsten material to be used in the ITER divertor.
SUMMARY AND OUTLOOK
The progress of the ITER Project toward First Plasma since the previous Fusion Energy Conference in 2016 has been very significant. Most of the major buildings on the work site are either complete or in an advanced state of construction. The key components of the tokamak itself, the vacuum vessel and magnets, are in full production with the first of kind due to be completed and delivered to the work site next year. The essential plant systems, the electrical supply, cooling water, and cryogenics, are under construction and will begin commissioning soon. In parallel with these advances in construction and fabrication, the physics research supporting ITER operations is also advancing. The ITER Research Plan covering the entire period from Integrated Commissioning in preparation for First Plasma to the accomplishment of the main physics objectives of the project in the Fusion Power Operation phase has been aligned with the baseline schedule for the Staged Approach to construction. Key physics input for operations, such as the needs for the Plasma Control System and the Disruption Mitigation System are being addressed in cooperation with the Members' fusion programs. The means to prepare, execute, and analyze ITER experiments are being developed through the ITER Integrated Modeling and Analysis Suite. This tool is currently being used both for simulation of operational scenarios and providing input data for diagnostic design and evaluation. The work reported here indicates the ITER Project is moving forward at the pace needed to meet its key milestone of First Plasma at the end of 2025.
